Introduction

Materials and methods
Isolation and procurement of the parasite
Metacercariae of C. sinensis were isolated from tissues from naturally infected cyprinoid fish, Pseudorasbora parva, in the Jinju-si, South Gyeongsang Province, South Korea. This isolate was designated Cs-k2 and procured using established methods (Sohn et al., 2006) . In brief, the fish were ground and digested in hydrochloric acid (0.1 M HCl, pH 1.5) containing 0.01% pepsin (Sigma) for 2 h at 37 °C, and the metacercariae were isolated by sieving (0.5 mm aperture), washing and sedimentation in physiological saline. Although the specific identity of metacercariae could not be unequivocally established by light microscopy (40-times magnification), their size and shape were consistent with those of C. sinensis (Kobayashi, 1917) . Helminth-free, inbred Syrian golden hamsters (Mesocricetus auratus) were infected with metacercariae (n ~ 50) as described previously (Chung and Choi, 1988; Sohn et al., 2006) , in accordance with protocols approved by the animal ethics committee of Gyeongsang National University. Eight weeks after infection, adult worms were collected from the bile ducts from hamster livers and then briefly cultured in vitro to allow the worms to regurgitate caecal contents using an established technique (Young et al., 2010) . Then, worms were washed extensively in phosphate-buffered saline (pH 7.4 ) and frozen at -80 ºC.
Sequencing of total genomic DNA, and assembly and annotation of the mt genome
High molecular weight genomic DNA was isolated from a pool of 95 adults of C. sinensis using an established protocol (Sambrook, 1989) . The total DNA amount was determined using a Qubit fluorometer dsDNA HS kit (Invitrogen), according to the manufacturer's instructions. Genomic DNA integrity was verified by agarose gel electrophoresis and using a BioAnalyzer (2100, Agilent). A paired-end genomic library (500 bp insert size) was built, and assessed for both size distribution and quality also employing the BioAnalyzer. All sequencing was carried out on the HiSeq 2000 sequencing platform (Illumina). The sequence data generated from the library were verified, and low quality sequences, base-calling duplicates and adapters removed (Li et al., 2010b) . In total, 95 million reads were generated and exported to FASTQ (Cock et al., 2010) . Several steps were taken to enforce read quality. Custom Perl scripts were used to trim the last nucleotide from each read; nucleotides with a quality score of < 3, and Ns were removed. Quality-trimmed reads were retained if they were ≥ 90 nt in length. Each set of qualityfiltered, and paired-end reads were mapped to a reference mt genome (GeneBank accession no. JF729304.1; using the program Bowtie2 (Langmead and Salzberg, 2012) , using the default parameters for a gap penalty, with a maximum edit distance of 0.1 (allowing for 10% mismatch). Custom scripts were used to extract individual read pairs, which were then merged to form a paired-end interleaved FASTQ file. Reads were then assembled independently using the program Velvet (Zerbino and Birney, 2008) , employing k-mers of 17-79 bp for de Bruijn graph construction. All paired-end reads were then aligned to the contigs to achieve scaffolding, and any remaining gaps were closed.
Sequences with nucleotide homology to a previously published mt genome from C. sinensis from Korean (Cs-k1; accession no. JF729304.1; Cai et al., 2012) were identified by BLASTn (default settings, E-value: 10 -5 ). Scaffolds containing parts of the mt genome were assessed for completeness and then trimmed to ensure that only a single copy of the mt genome remained. Then, mt protein-encoding genes, large and small subunits of the mt ribosomal (r) RNA genes (rrnS and rrnL, respectively) and the transfer (t) RNA genes were identified by pairwise alignment with the annotated mt genome of Cs-k1 using the program MUSCLE v.3.7 (Edgar, 2004) . Annotated sequence data were imported using the program SEQUIN (available via http://www.ncbi.nlm.nih.gov/Sequin/) for the final verification of the mt genome organization/annotation prior to submission to the GenBank database.
Sliding window analysis
This analysis was performed on the aligned mt genome sequences of the four isolates of Clonorchis sinensis (Table 1) using an R package, "PopGenome" (Pfeifer et al., 2014) . The sequences were first aligned using MUSCLE v.3.7 (Edgar, 2004) ; keeping the nucleotides in frame, there were no ambiguously aligned regions. A sliding window of 300 bp (steps of 10 bp) was used to estimate nucleotide diversity (π) (Nei and Li, 1979) among four members (pairwise) of the C. sinensis. Nucleotide diversity for the alignments was plotted against midpoint positions of each window, and gene boundaries were defined. Separating the analyses in this way allowed a pairwise comparison of general patterns within C. sinensis, in order to highlight conserved regions and other areas with potential for the definition of additional mt genetic markers with low, medium or high variability among representative isolates.
Phylogenetic analysis
The amino acid sequences conceptually translated from the mt genome of Cs-k2 were aligned with those predicted from other, publicly available mt genomes representing C. sinensis from Korea (Cs-k1), China (Cs-c1) and Russia (Cs-r1) (accession nos. JF729304.1, JF729303.1 and FJ381664.2, respectively; Cai et al., 2012; Shekhovtsov et al., 2010) and other selected trematodes (liver flukes; Table 1 ) using MUSCLE v3.7 (Edgar, 2004) . Finally, all aligned sequence blocks were concatenated, and alignments assessed by eye. The optimal protein evolutionary model for each sequence was then assessed using the program ProtTest3.4.2 (Darriba et al., 2011) employing default settings. The concatenated, aligned sequences were then subjected to phylogenetic analysis using Bayesian inference (BI) and maximum likelihood (ML) methods. BI analysis was conducted employing Monte Carlo Markov Chain analysis in the program MrBayes v.3.2.2 (Ronquist et al., 2012) ; the optimal model for each partition of the concatenated sequences was applied in the inference, involving four chains and 2,000,000 iterations, sampling every 100th iteration; the first 500,000 iterations were removed from the analysis as burn-in. ML analysis was carried out using the RAxML program (Stamatakis, 2014) ; the optimal amino acid substitution model inferred using the program ProtTest3.4.2 for each data partition was used in the 'PROTGAMMAGTR' option for 1000 bootstrap replicates. The unrooted trees were viewed and drawn using the programs FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and modified utilising the program PowerPoint (https://products.office.com/en-au/powerpoint).
Results and discussion
The circular mt genome assembled for C. sinensis from South Korea (Cs-k2) was 13,877 bp in size. By comparison with another representative sequence for C. sinensis from Korea (Cs-k1; accession no. JF729304), we identified 36 genes (Table 2) , including 12 protein-coding genes (cox1-3, nad1-6, nad4L, atp6 and cytb), 22 tRNA genes, two rRNA genes and two non-coding regions. As expected, this mt genome lacks an atp8 gene, consistent with the other three previously published mt genomes representing C. sinensis from Korea, China and Russia Shekhovtsov et al., 2010) . All protein-coding genes have an ATG or GTG as an initiation codon (encoding for methionine and valine) and a TAG or TAA as a termination codon. The mt gene order is consistent with that of the Opisthorchiidae, Fasciolidae and Paragonimidae (cf. Le et al., 2000 Le et al., , 2002 Cai et al., 2012) . The nucleotide content of the mt genomic sequence is biased toward A+T (60%), with T (43%) being the most favoured nucleotide, and C (12.5%) the least favoured, in accord with mt genomes of some other trematodes sequenced to date (Le et al., 2002) .
Having established the features of the present mt genome of C. sinensis (Cs-k2), we established levels of nucleotide variation (%) along the whole mt genome between C. sinensis from Korea (accession no. KY564177) and other distinct isolates from Korea (Cs-k1), China (Cs-c1) and Russia (Cs-r1) (accession nos. JF729304, JF729303 and FJ381664, respectively; Cai et al., 2012; Shekhovtsov et al., 2010) . Sliding window analyses (Fig. 1) showed that the present isolate (Cs-k2) of C. sinensis from Korea is genetically most distinct from the sample (Cs-c1) from China (mean π = 0.0051), followed by the isolate (Cs-r1) from Russia (FJ381664) (mean π = 0.0027), followed by another sample (Cs-k1) from Korea (JF729304) (mean π = 0.0023). In total, there were 96 variable sites, 74 of which were located in protein-encoding genes, 24 of which were non-synonymous alterations (Table 3 ). In the 12 protein coding genes, nad5 had most non-synonymous sites (n = 4), while atp6, nad1 and nad3 had only one non-synonymous site each.
Using available mt genomic data sets (see Table 1 ), we were able to assess the genetic relationships of the four distinct isolates of C. sinensis, including in the analyses sequences of eight selected species of trematodes (liver flukes) for comparative purposes (Fig. 2) . First, we assessed phylogenetic 'informativeness' at individual positions of the aligned, concatenated amino acid sequences. At the amino acid level, 2,026 of 3,441 alignment positions were phylogenetically informative and 1,264 (36.7%) were invariable (Table 5 ). Phylogenetic trees constructed using amino acid sequence data employing the BI and ML methods showed that all four C. sinensis isolates (Cs-k2, Cs-k1, Cs-c1 and Cs-r1) clustered together, with absolute nodal support, to the exclusion of other liver fluke representatives. Nonetheless, the clustering within C. sinensis was not well supported (nodal support: <0.5 or <50%) in the analyses utilising each of the two tree-building methods, precluding further interpretation (Fig. 2) .
Taken together, the comparison of mt genomes of C. sinensis in the present study showed consistency in the number and structure of genes as well as the lengths of protein-encoding genes, as reported previously for this trematode (cf. Shekhovtsov et al., 2010; Cai et al., 2012) . Comparative analyses of the protein-coding genes showed limited or no sequence variation (mean: 0-0.21%) in nad4L and nad4, moderate variability (0.32-0.58%) in atp6, cox1, cox3, cytb, nad1, nad2, nad3 and nad5, and most variability (0.66-0.76%) in cox2 and nad6 (Table 4 ). This information suggests that most genes (used together or individually) should be suited for diagnostic applications (i.e. specific identification and/or differentiation), but the levels of nucleotide variation and phylogenetic signal established for the latter two most variable genes alone are inadequate to establish genetic relationships with high statistical support. Therefore, it is still unclear whether these two genes will find some continued utility for molecular epidemiological and/or genetic studies of C. sinensis. These findings suggest that future work should focus on nuclear genomic markers for such investigations.
From a technical perspective, the deep sequencing-assembly-annotation approach taken in this study allowed us to rapidly characterise the mt genome of a C. sinensis isolate, whose specific identity required molecular confirmation. Considering labour, time as well as laboratory consumable-and salary costs, in our experience, this procedure is more cost effective to carry out than using PCR and/or cloning methods (cf. Shekhovtsov et al., 2010; Cai et al., 2012; ) . In addition, deep sequencing has the advantage that it achieves much higher genome coverage (>100 times) than the Sanger sequencing of amplicons, and allows the ready detection of nucleotide and amino acid sequence variability within and among samples. Our aim was to produce a (consensus) mt reference sequence for C. sinensis from Korea (Cs-k2), in which dominant nucleotides were recorded at individual sequence positions. Although some nucleotide variation was detected, it was subtle, consistent with limited sequence diversity recorded in mt DNA within most species of trematodes studied to date (Le et al., 2002; Li et al., 2010a) . Minor withinspecies nucleotide variability might relate to distinct substitution rates in mt genomes of distinct mitochondrion populations in various tissues of the worms or mt sequence differences among individual specimens within the pool of worms used here to prepare DNA for sequencing. However, establishing nucleotide variability within isolates (often containing tens to hundreds of individuals) is considered less critical than defining positions of unambiguous nucleotide difference by comparison to sequences from other isolates. However, for any future population genetic or molecular epidemiological studies of C. sinensis, careful consideration must be given to "background" nucleotide variability that might occur within isolates containing multiple worms, such that no incorrect conclusions are made regarding nucleotide substitution rates in mt DNA.
In conclusion, given the limited extent of variability in mt genomic sequences between/among isolates of C. sinensis studied thus far, it will be important to explore levels of variation in nuclear DNA on a global scale. Although a draft nuclear genome of C. sinensis from China is publicly accessible (Wang et al., 2011; Huang et al., 2013) , there is a need to produce a higher quality nuclear genome reference sequence, to enable direct genomegenome comparisons and future applications of available genomic data sets. Therefore, now that we have verified the specific identity of the present isolate of C. sinensis from Korea (Cs-k2), we are now in a good position to proceed with the sequencing, assembly and annotation of a high quality draft nuclear genome of this isolate, as a basis for a profound investigation of molecular variation within C. sinensis from disparate geographical locations in one or more parts of Asia or to prospect for cryptic species. Table 1 Mitochondrial genomic sequences for Clonorchis sinensis and other trematodes from various geographical origins used in the present study, with accession numbers and references listed.
Table 2
Comparisons of positions and nucleotide sequence lengths of genes as well as initiation and termination codons for protein-coding genes for mitochondrial genomes of Clonorchis sinensis currently accessible in public databases (cf. Table 1 ). Clonorchis sinensis from South Korea (Cs-k1 and Cs-k2), China (Cs-c1) and Russia (Cs-r1).
Gene/region
Positions and nucleotide sequence lengths (bp) Initiation/termination codons Cs-k2
Cs-k1 Cs-c1 Cs-r1 Cs-k2 Cs-k1 Cs-c1 Cs-r1 Table 3 Numbers of synonomous (S) and non-synonomous (NS) nucleotide alterations in the mitochondrial genes among all available mitochondrial genome sequences available for Clonorchis sinensis from Korea (Cs-k1 [reference] and Cs-k2), China (Cs-c1) and Russia (Cs-r1). Cs-k2 vs.
Cs-k1
Cs-k2 vs.
Cs-c1
Cs-r1
Cs-k1 vs.
Cs-c1
Cs-r1
Cs-c1 vs.
Cs-k1
Cs-c1
Cs-r1
Cs-c1
Cs-r1
Cs-c1 vs Cs-r1 atp6 Summary of the features of the alignments of amino acid sequences predicted for individual protein-coding genes in the mitochondrial genomes of Clonorchis sinensis (n = 4) and eight other liver flukes (see Table 1 ) to establish alignment quality as well as the numbers of informative and invariable positions. . 1 . Sliding window analyses between mitochondrial genomes of Clonorchis sinensis from Korea (Cs-k2 and Cs-k1), China (Cs-c1) and Russia (Cs-r1) (cf. Table 1 ) upon pairwise comparison (Cs-k2 vs. Cs-k1, Cs-k2 vs. Cs-c1, Cs-k2 vs. Cs-r1, Cs-k1 vs. Cs-c1, Cs-k1 vs. Cs-r1 and Cs-c1 vs. Cs-r1). Nucleotide diversity (π) was measured iteratively with a 10 bp-step using a 300 bp-window. Average diversity indicated by a dashed line.
Amino acid sequence
Fig. 2.
Phylogenetic relationship of Clonorchis sinensis (isolate Cs-k2) with three other representatives of this species as well as other (selected) species of trematodes (cf. Table 1 ) inferred based on analyses of aligned concatenated amino acid sequences derived from mitochondrial genomes using two distinct tree-building algorithms (Bayesian inference [BI] and maximum likelihood [ML] ). The presented branch length is inferred using the program RAxML (Stamatakis, 2014) . Posterior probability (pp) support and bootstrap (bs) support values for BI and ML, respectively, are indicated at each node of the tree (in this order). Dicrocoelium species used as outgroups.
